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FINAL SCIENTIFIC REPORT
THE EFFECT OF BODY FORCES ON THE MOTION AND HEAT TRANSFER

OF WNED FLUIDS
Contract: F49620~79~C-0033
Dec. 31, 1980
INTRODUCTION

The research program is directed to obtaining detailed information
on the fluld motions and transport phenomena that are induced or affected
by coupled driving forces. Although in recent years it has been recognized
that such phenomena occur naturally in meteorology and oceanography and
also in many areas of technology such as crystal growth, materials
processing both on Earth and in space, fuels storage and management, solar
energy collectors and systems, and nose cone reentry aerodynamics there
is relatively little information on them. For some situations of considerable
importance no work at all has been done. As a result the various related
technologies have developed in an empirical and ad hoc manner so that they
rarely perform as anticipated. The research sponsored to date has not
only indicated design options to enhance the desirable aspects and to suppress
the deleterious ones but has supplied specific information that led to
rovel approaches to the problems.

The overall program has attempted to study in detail situations of
general applicability. Various modes of flow have thereby been delineated
and the nature and extent of these under different conditions have been
described. Emphasis has been on confined natural convection configurations.
Although specific problems have been treated both experimentally and
theoretically one essential aspect has not been resolved. That is that

there currently does not exist any way of predicting a priori the general
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flow pattern for a given configuration. This is due to the inherent bi-
directional coupling between the boundary layers and the core which is a
basic feature of all c¢unfined flow problems. As a consequence, every problem
has to be treated separately and this has retarded progress. During the

past year work has been done to resolve this problem. In addition, work

has been done on some new aspects of natural convection with imposed heat
flows in more than one direction simultaneously and on the interaction of
thermal and hydrodynamic instabilities. The latter two are related to

such applications as cooling systems for nuclear reactors and super-conducting

magnetics and to nose cone reentry aerodynamics. The details of this work

will be presented below.

RESEARCH PROGRESS
I - Natural Convection in Low Aspect Ratio Enclosures

Natural convection phenomena are physically complex and very sensitive
to the geometric configuration and imposed boundary conditions. The research
on this problem is to determine the nature and extent of flows induced by
a body force in an enclosure whose height is much smaller than its length.
This configuration which 1s of considerable technological importance has
received little attention to date.

Since the central problem in studying such confined flows is that the
flow pattern cannot be predicted even qualitatively a priori a general
theoretical approach coupled with an experimental phase was developed to
resolve this crucial problem. The unique theoretical approach is to use
multiple scaling techniques in the general equations to provide mathematical
degrees of freedom for which physical statements can be consistently made

throughout the bidirectionally coupled equations. In this way the proper




scales (different from the geometric ones) are determined that define any
flow sub~structures, such as cells. In other words, the usual dimensionless
parameters based on geometric length scales can, at best, lead to qualitative
understanding of global flow and isotherm patterns, but they are incapable
of indicating any possible sub-structures. The technique 1s mathematically
formal and leads to physically consistent ordering among all relevant
equations. To date, a number of different patterns have been determined for
low aspect ratio configurations and the conditions for the change from one
pattern to another have been delineated. The analyses is to be extended
to include wider Prandtl number ranges and other geometric configurations
and imposed boundary conditions.

To give guidance for the theoretical work and to obtain much needed

information on such flows experiments were also conducted.

There are only a few experimental studies available on low aspect
ratio natural convection (Refs. 1,2,3). The flow structures and heat
transfer characteristics over wide ranges of the important parameters in
the problem are not well understood. The present work is, therefore,
intended to give a comprehensive picture on natural convection heat transfer
in low aspect ratio enclosures by systematically va: ring the parameters
Ra, Ar and Pr.

A sketch of the present experimental setup is given in Fig. 1. The
figure also shows the coordinate system and nomenclature used herein, The
hot wall is heated by an electrical heating mat, and the cold wall is cooled

by circulating water maintained at a constant temperature. The bottom and
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top horizontal walls are thermally insulated. The whole setup is carefully
enclosed by 5 cm thick fiber glass insulation to minimize heat loss from

the system to the surrounding. Comparisons between the electrical inputs

and the amounts of heat given to the cooling water have shown that the

heat loss to the surroundings when the container is filled with water is less
than 4% of the total heat input. Water and aspect ratio of .0625 were

tested first. The results of the Nusselt number (Nu = q/k(Th-Tk), where

q is heat transferred per unit width) measurements are presented in Fig. 2.
According to the analysis by Bejan and Tien (Ref. 4) all the present data
should fall within the intermediate regime, one of the three characteristic
flow regimes (the others are the Ra + 0 regime and the boundary layer regime).
The prediction of Nu for the intermediate regime by Bejan and Tien is also
shown in Fig. 2 for comparison. Although the agreement is generally good,

a close examination of the present data trend reveals that beyond Ra = 8 x 10°
the Nu values closely follow 1/4 power of Ra, as indicated imn Fig. 2. This
power of 1/4 of Ra (or Gr = Ra/Pr since Pr is nearly constant) is interesting
because it is a characteristic of natural convection heat transfer in the
boundary layer along a vertical flat plate, which implies that in the present
configuration heat transfer is predominantly determined by boundary layer

type flows along the hot and cold walls. Therefore the flows above Ra = 8 x 105
in the present work should belong to the boundary layer regime. The boundary
layer regime starts earlier than predicted by Bejan and Tien. Another
difference between the present data and the analytical result by Bejan and
Tien is that in the boundary layer regime the analysis predictsa 1/5 power

of Ra instead of the 1/4 power observed in the present work. Validity of the 1/4

power becomes even more apparent if the present data are compared with the

available experimental data, as done in Fig. 3. As seen in the figure, the




1/4 power seems to be valid over a wide range of Ra. One characteristic
of the boundary layer regime is that Nu becomes Independent of aspect
ratio as shown by Bejan and Tien (Ref. 4), because heat transfer occurs
mainly in the region near the vertical walls. The data taken by Imberger
(Ref. 1) for Ar = .019 and water closely follow the curve for Ar = .0625
beyond Ra = 1.5 x 107. We are currently taking the Nu data for Ar = ,125
and water to confirm this further. Fig. 3 also shows the results of
numerical computations by Lee and Sernas (Ref. 5) for air. Again the
calculated values of Nu seem to follow 1/4 power closely. As Fig. 3
shows Nu depends not only on Ra but also on Pr. To investigate this
experimentally we have constructed a setup to be used with glycol (Pr = 1.4 x 103),
which 1s similar to the one used by Ostrach et al. (Ref. 3).

The temperature field in the container is studied by a thermocouple
probe. Several thermocouples are also imbedded in the bottom and top walls.
Fig. 4 shows the temperature distribution along the bottom and top walls for
water and Ar = .0625. Except in the regions near the hot and cold walls
the temperature variation in the x-direction is relatively small, which is
consistent with the aforementioned Nu behavior in the boundary layer regime.
Fig. 5 shows temperature distributions in the y-direction at three x locations
(all of them are in the core region). All the profiles are found to be
similar, and agree with the parallel core solution given by Cormack et al.
(Ref. 6) as seen in Fig. 5, which suggests that the flow in the core for
Ar = ,0625, Ra < 4.5 x 10% and water is parallel. A typical isotherm pattern
near the hot wall is presented in Fig. 6. This and other similar results
show that there i8 no cellular motion near the vertical walls in the ranges

of the parameters studied so far. As seen in Fig. 6, the fluid outside the




thermal boundary layer is stably stratified, but the stratification is
rather weak (the fluid temperature is nearly uniform over a large part
of the core), which is one major reason why the heat transfer rate has
the characteristics of heat transfer along a vertical flat plate.

IT - Effects of Stabilizing Temperature Gradients on Natural Convection

Flows.

Although in many practical situations natural convection in enclosures
is often due to heat fluxes imposed simultaneously in more than one direction,
very little work has been done on such problems. Also, it is of interest
to see if natural convection can be retarded or eliminated by the imposition
of a stabilizing gradient. If so, it would be important, for design
purposes, to know the magnitude of such stabilizing gradients.

An experimental program to obtain such quantitative information has
been completed. The enclosure was a square, the Prandtl number was 89,000,
and the horizontal Rayleigh number ranged from 2.29 x 10* to 5.99 x 10%,
Stabilizing gradients up to a ratio of the horizontal to vertical Rayleigh
numbers of 6. Significant flow retardation was obtained and the details
of the velocity and temperature fields were obtained as functions of the
conditions. A paper has been prepared (Ref. 7) which describes the work
in detail.

III - Natural Convection in a Water Layer with Localized Heating from
Below.

Natural convection flows induced by localized heating at the base

of an open tank containing water was studied experimentally. This was

done to obtain some physical insight into the flow phenomena involved in

deep~water waste heat disposal as well in other diverse applications as




home heating,-thermal pollution, and nuclear reactor design.

The flow is specified by four dimensionless parameters: Ar(aspect
ratio, depth of water layer/half width), Hr(heater ratio, radius of heat
source/half width of the tank), Pr(Prandtl number), Gr(Grashof number).

The aspect ratios for the present experiments were .05, .24 and .37. The
heater ratio was fixed at .17. Pr was about 7. The Grashof numbers were
of the order of 10 - 107. The Grashof number was varied by changing the
depth of the water layer and the heat source temperature. The ambient
conditions (room temperature and humidity) were kept nearly constant, This
work is different from the case of heating the whole lower plate. For the
latter case, only when the Rayleigh number exceeds a critical value, the
layer becomes unstable and the motion strats. For the case of localized
heating from below once heating starts, the motion starts immediately,
because of the horizontal thermal gradient,

The convective flows were visualized by using an electrochemical
technique and a conventional light beam/dust particle method. The temperature
distribution in the fluid were measured by a thermocouple probe. When the
water layer reached a steady state, it was then mixed uniformly to measure
the bulk mean fluid temperature, which is proportional to the Nusselt
number Nu (the dimensionless heat transfer rate from the heater to the fluid).
Many photographs were taken at several locations in the fluid under various
experimental conditions, from which the flow structure were analyzed.

The results of temperature distribution measurements show that natural
convection significantly alters the distribution as Ar increasea. Two
rotating cells (one near the heating zone and the other near the side wall)

were found when Ar = .24, .37 and Gr of the oirder 106 - 107, but no cells
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were observed for Ar = .05. Nu was found to be related to Fr and Ar as

NMu o Gr.5 Ar-1.25
This is in agreement with the numerical results of Torrance and Rockett [8]
in which Nu is proportional to Gr.% for Ar = 1. The above expression shows
that for fixed Gr, Nu decreases with Ar, and also the dependance of Nu on
Gr is strong (the power .5) for natural convection. Nonuniformity of
temperature distributions decreases with Ar. Compared to the conduction
values it can be said that the effect of convection becomes more important
as Ar increases.

The present work has qualitatively demonstrated that an introduction
of hot effluents deep in a lake could at low Froude numbers induce a thermal
convection capable of generating strong mixing flows. These induced flows
could be beneficial for dissipating waste heat.

A paper, Ref. 9, has been prepared for presentation and publication.
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IV. Combined Thermal and Hydrodynamic Instabilities
In this project boundary layer flows along a heated concave wall are

studied experimentally. Under certain conditions the heating and concave
wall curvature cause thermal instability and hydrodynamic instabflity
(Gortler instability), respectively. Interactions of those instabilities
are our main interest. The experimental setup for this experiment is
sketched in Fig. 7. A concave channel test section is attached to a low-
speed wind tunnel. The test section is 26.7 cm wide, 5.3 cm high and

53.3 cm long. The bottom plate is made of aluminum and bent carefully

to obtain a uniform curvature. Two radii of curvature (50 and 75 cm) have

been chosen to obtain the proper Grashof (Gr) and Gortler (G) number

ranges. Since not much information is available concerning the pure
Gbrtler instability, we have decided first to conduct some experiments
without heating the bottom plate. The flow structure is studied by a flow
visualization technique (smoke injection) and by a hot-wire probe. Some
of the results obtained thus far are given below,

The mean velocity distributions in the spanwise direction (Z direction
in Fig. 7) measured at five X locations and at various distances from
the wall are presented in Figs. 8-12. Since the Gortler number is defined
as G = (US/v) V&/R (8; boundary layer thickness, R; radius of curvature),
it increases with X, which means the flow becomes more unstable with
increasing X. As seen in Figs. 8-12, the flow is already slightly disturbed
at the smallest X location X = 7 cm (corresponding to G = 36.5), and the
disturbance increases sharply as we go further downstream, clearly indicating

the existence of the GUrtler instability. Fig. 13 shows the change of the

calculated standard deviation of the mean velocity variation in the Z-direction
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at the y-location corresponding to U/V, = .7. The figure shows that the

disturbance level increases sharply beyond G = 50. The velocity profile

in the boundary layer at X = 7 cm i8 very close to the flat plate Blasius

profile (Fig. 14), but at X = 39,5 cm (G = 134) the profile is severely

altered (Fig. 15).

The experimental data are presently being analyzed in order to show

the effect of the G3rtler instability on the boundary layer structure in
an appropriate quantitative way. We plan to study the effects of the free
stream velocity and wall curvature. On the above results, and then to

study the combined effect of thermal and hydrodynamic instability.
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PUBLICATIONS

In addition to those papers presented under References as numbers 3, 7,
and 9 the following was also prepared during the past year.

Ostrach, S. and Hantman, R.: Natural Convection Inside a Horizontal
Cylinder, presented at the 88th AIChE National Meeting June 1980
and to be published in Chemical Engineering Communications, vol. 7,

1981.
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Figure 1. Experimental Setup
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Figure 4. Temperature Distributions along Horizontal Walls
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